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2.	 In	 this	 study,	 we	 investigated	 how	 moderate	 but	 repetitive	 desiccation	 events,	
caused	by	the	combined	effects	of	drought	and	high	temperatures,	affect	cordgrass	












increased	 cordgrass	 biomass	 by	 approximately	 128%.	 Importantly,	 although	
cordgrass	generally	appeared	healthy	above‐ground	at	the	end	of	the	experiment,	











many	 ecosystems	will	 continue	 to	 be	 increasingly	 exposed	 to	 ex-
tremes,	such	as	heavy	rainfall,	heat	spells	or	droughts	that	will	likely	










Knapp,	 Blair,	 &	 Collins,	 2003;	 Thomey,	 Collins,	 Friggens,	 Bron,	 &	
Pockman,	2014).
Ecosystem	 resilience	 to	 climatic	 extremes	 can	 be	 importantly	
mediated	by	both	positive	and	negative	biotic	 and	abiotic	 interac-
tions.	In	arid	systems,	for	instance,	overgrazing	has	been	observed	










Like	most	 coastal	 ecosystems,	 salt	marshes	are	degrading	as	a	
result	 of	multiple	 anthropogenic	 impacts.	 In	many	 regions,	 includ-
ing	 the	 southeastern	US,	 part	 of	 their	 increased	deterioration	has	
been	 associated	with	 climatic	 changes	 such	 as	 desiccation	 events	
caused	by	the	combined	effects	of	drought	and	high	temperatures	
(Alber,	 Swenson,	 Adamowicz,	 &	 Mendelssohn,	 2008;	 Gedan	 &	
Silliman,	2009,	He,	Silliman,	Liu,	&	Cui,	2017;	Li,	Wen,	&	Yang,	2017;	
McKee,	 Mendelssohn,	 &	 Materne,	 2004;	 Millennium	 Ecosystem	




(Geukensia demissa,	 hereafter	mussels)	 live	 in	 aggregations	 around	
cordgrass	stems	in	intermediate	and	high	elevation	marsh	platforms.	
They	have	been	 found	 to	generally	enhance	cordgrass	production	
and	persistence,	 and	 also	 increases	 cordgrass	 survival	 during	des-
iccation	 events	 by	 enhancing	 water	 storage	 and	 reducing	 salinity	
stress	 (Angelini	et	al.,	2016).	 In	addition,	mussels	 increase	nutrient	
availability	by	excreting	pseudofaeces	and	mitigate	sulphide	stress,	






ergistically	 in	 suppressing	 cordgrass	 growth	 (Silliman	 &	 Newell,	
2003;	 Silliman	&	Zieman,	 2001),	 and	 importantly,	 grazing	 impacts	
on	cordgrass	appear	to	be	increased	during	desiccation‐induced	salt	
stress	(Silliman	et	al.,	2005).














to	 the	 sediment.	 These	metals	 become	available	 in	 the	porewater	





fect	 saltmarsh	 resilience	 by	 stressing	 the	 mutualism	 beyond	 its	 buffering	
capacity.
K E Y W O R D S
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upon	 rewetting	 (Nordstrom,	1982),	potentially	 resulting	 in	 toxicity	
for	the	plants	(McKee	et	al.,	2004).	However,	shortly	after	a	climate	
event,	when	water	tables	increase	again	and	several	high	tides	flood	



















31.4081083,	 longitude	 −81.2897972)	 from	 April	 to	 August	 2014.	
The	experiment	was	carried	out	in	a	high	elevation	marsh	platform	
with	muddy,	organic	matter‐rich	sediments	(organic	matter	content	
6.7%–9.1%,	 silt	 fraction	 12.8%–19.4%,	 clay	 fraction	 18.9%–25.3%,	
sand	 fraction	 60.6%–64.1%,	 bulk	 density	 0.11–0.13	g/cm3).	 The	
vegetation	 is	 dominated	 by	 a	 healthy‐appearing	 monoculture	 of	
short	growth‐form	cordgrass,	with	scattered	mussel	aggregations	of	
5–70	mussels	 (Derksen‐Hooijberg	 et	al.,	 2018),	 and	 snails	 at	mod-




back.	 In	 this	period,	 the	Palmer	Drought	Severity	 Index	 (PDSI)	–	a	









We	 conducted	 a	 full‐f actorial	 experiment	 in	 which	 three	 factors	
were	crossed:	desiccation	–	control,	mussels	–	no	mussels	and	snails	
–	no	snails,	resulting	in	eight	treatments	(N	=	6	replicates	per	treat-
ment,	 totalling	48	plo ts).	Plot	 size	 (0.02	m2)	was	chosen	such	 that	
(a)	 the	 isolated	 cordg rass	plots	 are	 large	enough	 to	 grow	on	 their	
own	(Silliman	et	al.,	2015),	and	(b)	 it	encompassed	the	spatial	scale	
of	the	relevant	interactions	–	that	is,	millimetre	to	centimetre‐scale	







naturally	 present	muss el	mounds	 ranging	 between	 28	 and	 47	cm	









founded	with	mussels	a re	 likely	 to	be	 limited,	 though	they	cannot	
be	ruled	out.
We	 designed	 our	 experimental	 setup	 such	 that	 the	 desicca-
tion	 treatment	 would	 generate	 the	 suite	 of	 adverse	 conditions	





manner,	 we	 installed	 climate	 and	 control	 chambers	 in	 the	 field.	
Below‐ground	PVC	tubes	(41	cm	length	by	16	cm	diameter)	were	
glued	 to	a	PVC	connector	 socket	 (9	cm	overlapping,	 total	 length	
of	 socket	 18	cm),	 creating	 a	 50	cm	 long	 below‐ground	 structure	
with	an	open	bottom	(Figure	1a,b)	to	prevent	water	from	flowing	
horizontally	 into	 plots	 below‐ground.	 For	 the	 desiccation	 treat-
ments,	we	then	inserted	a	transparent	PVC	tube	(84	cm	length	and	









In	 control	 treatments,	 the	 same	below‐ground	 structure	was	 in-
stalled,	but	instead	of	transparent	PVC,	a	white	Vexar	mesh	tube	
(84	cm	length	and	16	cm	diameter)	was	installed	on	top	of	the	con-
nector	 socket	 (Figure	1b),	 so	 that	 tidal	 water	 could	 freely	move	
through	the	mesh.	Prior	to	the	start	of	the	experiment,	snails	were	
removed	from	all	plots,	and,	 in	snail	 treatments,	 five	adult	snails	
(standardised	shell	length	of	11–15	mm)	were	added,	correspond-
ing	to	ambient	snail	densities.
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2.3 | Simulated repetitive desiccation events
During	 the	 experiment,	 we	 simulated	 four	 consecutive	 desiccation	
events.	 Below‐ground	 PVC	 structures	were	 left	 untouched	 for	 the	
full	duration	of	the	experiment.	We	started	each	simulated	desicca-
tion	event	at	neap	tide	each	month	(when	water	tables	are	naturally	
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6°C	 and	 reduced	 relative	 humidity	 by	 11%,	 on	 average,	 compared	
to	 controls	 (F2,26 = 389.36; p < 0.001 and F2,26 = 50.28; p < 0.001; 
Appendix	S1).	 In	 the	GCE	LTER	Marsh	Landing	weather	station	da-
tabase,	there	are	numerous	records	of	>10	consecutive	days	(and	up	
to	 20	days)	 without	 precipitation	 and	 temperatures	 exceeding	 6°C	
above	the	mean	(i.e.	>34°C	with	mean:	28°C)	during	summer	months	
since	2003	().	Humidity	in	control	treatments	was	similar	to	open	field	









experience	 levels	 of	 snail	 grazing	 incomparable	 to	 those	 imposed	
within	the	experimental	treatments.
2.4 | Response variables of the desiccation events







ductivity	 sensor	 (TetraCon	 325;	 WTW,	 Germany)	 respectively.	 A	
third	porewater	subsample	was	stored	at	−20°C	for	further	analyses.	
In	 the	 laboratory,	porewater	 ammonium	 (NH4
+)	 and	nitrate	 (NO3
−) 








After	 the	 final	 simulated	 desiccation	 event	 in	 August,	mussels	
from	each	plot	were	collected,	washed,	categorised	as	alive	or	dead	














citric	 acid	monohydrate	 and	 500	nmol	 norvaline	was	 added	 as	 an	
internal	 standard.	 Samples	 were	 shaken	 and	 centrifuged	 and	 the	
precipitate	 diluted	 in	 chloroform.	 After	 the	 samples	 were	 shaken	
overnight,	 the	 supernatant	was	 freeze‐dried,	 diluted	 in	ml	 0.01	M	
HCL	and	filtered	(Dynagard,	0.2	μm).	Finally,	 free	aminoacids	were	
analysed	after	derivatization	with	FMOC‐Cl	and	separation	with	a	
reversed	 phase	 column	 on	 High	 Pressure	 Liquid	 Chromatography	
system	(HPLC	Model	Varian	920‐LC,	Palo	Alto,	CA).
2.5 | Data analyses
To	 assess	 main	 and	 interactive	 effects	 of	 desiccation	 treatment,	
mussels	 and	 snails	 on	 cordgrass	 metrics,	 three‐way	 factorial	
ANOVAs	were	conducted	with	r	 statistical	 software	version	3.1.2	












one	 climate	 plot	was	 excluded	 due	 to	 tidal	water	 leaking	 into	 the	
plot.	Final	number	of	replicates	per	treatment	were:	(Desiccation	[D],	




3.1 | Sediment porewater and cordgrass chemistry
The	 desiccation	 treatment	 greatly	 increased	 potential	 chemical	
stress	in	sediment	porewater	for	cordgrass.	Over	the	course	of	the	
four	simulated	desiccation	events,	porewater	salinity	almost	doubled	
compared	to	control	treatments	(F1,36 = 348.1; p	<	0.001;	Figure	2a).	
Mussel	 presence	 reduced	 salinity	 (F1,36 = 344.6; p	<	0.001),	 inter-
acting	with	 desiccation	 (F1,36 = 171.4; p	<	0.001).	Mussel	 presence	





Similar	 to	 salinity,	 desiccation	 treatment,	mussel	 presence	 and	
their	 interaction	 strongly	 influenced	 porewater	 pH	 (F1,36 = 136.6; 
p	<	0.001,	F1,36 = 11.4; p < 0.001 and F1,36 = 14.2; p	<	0.001	respec-
tively;	 Figure	2b).	 In	 control	 treatments,	 mussel	 presence	 did	 not	




over	 time,	 which	 was	 also	 demonstrated	 by	 a	 significant	 three‐
way	 interaction	between	month,	desiccation	and	mussels	 (salinity:	
F3,108 = 47.0; p	<	0.001	and	pH:	F3,108 = 6.6; p	<	0.001,	Figure	2c,d).
As	 pH	 in	 the	 porewater	 declined,	 porewater	 iron	 (Fe)	 and	 alu-
minium	 (Al)	 concentrations	 increased.	After	 four	desiccation	events,	
porewater	 Fe	 concentrations	 had	 strongly	 increased	 in	 desicca-
tion	 treatments,	 but	 this	 effect	 was	 mitigated	 by	 mussel	 presence	
(F1,36 = 285.8; p	<	0.001,	F1,36 = 19.1; p	<	0.001	and	interaction	effect:	




than	 halving	 Fe	 concentrations	 to	 650	μM.	 Likewise,	 porewater	 Al	
concentrations	in	August	2014	were	affected	by	desiccation,	mussels	
and	 their	 interaction	 (F1,36 = 8.8; p	=	0.005,	F1,36 = 7.3; p = 0.010 and 





without	mussels	 (Figure	3c,d),	which	was	 confirmed	 by	 a	 significant	
three‐way	 interaction	between	month,	 desiccation	 and	mussels	 (Fe:	
F3,108 = 7.2; p	<	0.001	and	Al:	F3,108 = 4.6; p = 0.0327).
Interestingly,	we	found	no	increase	in	Fe	and	Al	in	cordgrass	shoots	




higher	 than	Al	 concentrations	with	Ca:Al	 ratios	 ranging	between	5	
and	1,000.	Finally,	the	concentrations	of	the	amino	acid	proline	mea-
sured	 in	 cordgrass	 leaves	were	 increased	 in	desiccation	 treatments	
F I G U R E  2   (a,	b)	Salinity	and	pH	in	the	porewater	of	the	top	5	cm	of	the	sediment,	at	the	end	of	the	final	desiccation	event	in	August	after	
1	tide	had	rewetted	the	plots.	(c,	d)	Salinity	and	pH	upon	rewetting	after	each	subsequent	desiccation	event	in	May,	June,	July	and	August	
2014.	D,	Mu	and	Mo	represent	main	effects	of	desiccation,	mussels	and	month	and	their	interactions	respectively.	Error	bars	represent	SE
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(F1,36 = 70.9; p	<	0.001;	Figure	4),	 indicating	that	the	vegetation	was	
experiencing	 salt	 and/or	 desiccation	 stress.	Mussel	 presence	 inter-




most	 doubled	 in	 the	 desiccation	 treatment	 (F1,36 = 4.5; p = 0.042). 
Mussels	significantly	enhanced	nitrate	levels	(F1,36 = 19.1; p	<	0.001),	
and	interacted	with	desiccation	(F1,36 = 18.0; p	<	0.001)	to	increase	
nitrate	by	almost	 five	times	compared	to	controls.	Finally,	mussels	
also	stimulated	phosphorus	availability	in	the	porewater	(F1,36 = 14.4; 
p	<	0.001),	while	desiccation	caused	these	levels	to	drop	to	almost	
zero	across	all	other	treatments	(F1,36 = 60.1; p < 0.001).
3.2 | Cordgrass and mussels
At	the	time	of	harvest,	live	above‐ground	biomass	of	cordgrass	was	
doubled	 by	 mussel	 presence	 (F1,36 = 97.375; p	<	0.001;	 Figure	5a),	
while	 no	 effects	 of	 desiccation	 treatment	 or	 snails	 were	 found	
(F1,36 = 2.688; p = 0.11 and F1,36 = 0.042; p	=	0.839).	 Desiccation	
treatment,	however,	reduced	the	number	of	live	cordgrass	stems	by	
13%	 compared	 to	 control	 plots	 (F1,36 = 11.3; p	=	0.002;	 Figure	5c).	
Snails	also	reduced	live	stem	density	by	11%	(F1,36 = 5.9; p	=	0.023),	
whereas	mussel	 presence	 enhanced	 the	 number	 of	 stems	 by	 24%	
(F1,36 = 68.5; p	<	0.001).	 Furthermore,	 we	 found	 an	 interaction	
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between	mussels	and	snails	(F1,36 = 5.2; p	=	0.029),	wherein	the	nega-
tive	 effects	 of	 snails	were	more	pronounced	 in	 plots	with	mussels	
compared	to	plots	without	mussels.	Desiccation	effects	were	even	
more	distinct	in	the	number	of	cordgrass	tillers,	which	were	reduced	
by	 40%	 (F1,36 = 16.1; p	<	0.001;	 Figure	5d).	 Mussel	 presence	 en-
hanced	tiller	density	(F1,36 = 6.9; p	=	0.012),	but	only	in	control	treat-
ments	 (interaction	effect,	F1,36 = 6.0; p	=	0.019).	Mussel	 treatments	
increased	 below‐ground	 biomass	 (roots	 and	 rhizomes	 summed)	 by	
94%	(F1,36 = 68.5; p	<	0.001),	while	it	was	reduced	by	16%	in	desicca-
tion	treatments	(F1,36 = 7.4; p	=	0.012;	Figure	2b)	and	reduced	by	17%	







iccation	 stress	 by	 enhancing	 water	 storage	 and	 reducing	 salinity	
stress	 (Angelini	et	al.,	2016).	 In	contrast,	grazing	activity	by	marsh	
periwinkle	snails	dramatically	aggregates	stress	during	severe	desic-
cation	events	 (Silliman	&	Newell,	 2003;	 Silliman	&	Zieman,	2001).	
Here,	we	experimentally	demonstrate	that,	although	mussels	were	
able	 to	 strongly	 mitigate	 chemical	 stressors	 within	 the	 sediment,	
they	are	not	able	to	sufficiently	buffer	the	effects	of	relatively	short,	
but	repetitive	desiccation	events.	Even	though	cordgrass	appeared	
healthy	 above‐ground	 after	 the	 four	 events,	 our	 field	 experiment	







slightly	 lower	 temperatures.	 Despite	 this	 experimental	 limitation,	
however,	salinity	remained	around	30	ppt	in	the	control	plots,	which	
is	 common	 for	 this	 area	 (Angelini	 et	al.,	2016).	Our	 simulated	des-
iccation	 events	 probably	 underestimated	 shifts	 in	 physical	 stress	
F I G U R E  5  Cordgrass	above‐ground	biomass	(a),	below‐ground	biomass	(roots	and	rhizomes)	(b),	number	of	live	stems	(c)	and	number	of	
tillers	(d)	in	plots	exposed	to	desiccation	or	control	conditions,	with	and	without	mussels	and	with	and	without	snails.	D,	Mu	and	S	represent	
main	effects	of	desiccation,	mussels,	snails	and	their	interactions	respectively.	Error	bars	represent	SE
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associated	with	 real	 dry	 spells	 occurring	 in	 the	 field	 that	 coincide	
with	neap	tides	in	a	natural	setting.	In	particular,	the	climate	tubes	








nitrogen	 and	 phosphorus	 levels	 are	 also	 significantly	 affected.	
Specifically,	we	found	that	desiccation	greatly	stimulated	ammonium	
availability,	and	 in	 the	presence	of	mussels,	also	nitrate,	 indicating	
that	the	drying	out	of	the	marsh	soil	increased	decomposition	rates	
likely	 due	 to	 increasing	 oxygen	 availability.	 In	 contrast,	 dissolved	






ity	 during	desiccation	events	by	 enhancing	 soil	water	 content,	 via	
the	additional	 layer	on	 top	of	 the	 sediment	consisting	of	excreted	
pseudofaeces	(Angelini	et	al.,	2016).	This	enhanced	water	storage	–	
resulting	 in	 less	sediment	drying,	and	hence	less	oxidation	of	 iron‐





as	 the	 dissolution	 of	 calcium	 carbonate	 by	 the	 acids	 formed	 can	










stems,	 and	 interestingly,	 also	 decreased	 below‐ground	 cordgrass	




observed	 in	 the	vegetation	of	many	ecosystems	 (Gao	et	al.,	2008;	
Ruess,	Hendrick,	&	Bryant,	1998;	Thornton	&	Millard,	1996;	Väre,	
Ohtonen,	 &	 Mikkola,	 1996).	 We,	 however,	 found	 no	 interactions	
between	 snail	 grazing	 and	 desiccation,	 contradicting	 results	 re-
ported	by	 Silliman	et	al.	 (2005),	who	 found	 increased	negative	 ef-
fects	 of	 snails	when	 cordgrass	was	 exposed	 to	 high	 soil	 salinities.	
The	 discrepancy	 in	 results	may	 be	 explained	 by	 the	 difference	 in	
snail	densities.	While	moderate	densities	of	snails	were	used	in	our	
study	(250	snails/m2),	the	aforementioned	study	investigated	a	more	












no	 signs	of	Al	 or	 Fe	 toxicity	were	observed	by	 visually	 inspecting	
cordgrass	 leaves.	 As	 the	main	 symptom	 of	 Al	 toxicity	 in	 plants	 is	
the	 inhibition	of	 root	growth	 (Kochian,	1995;	Rout,	Samantaray,	&	
Das,	2001),	and	root	biomass	decreased	in	desiccation	treatments,	
we	scanned	cordgrass	roots	to	inspect	for	signs	of	aluminium	toxic-
ity	–	 that	 is,	 lateral	 roots	becoming	thickened	and	brown	and	 lack	
fine	 branching	 (Rout	 et	al.,	 2001).	 Although	 roots	 in	 the	 top	 layer	






tion	may	be	 found	 in	 the	short	exposure	 time	of	cordgrass	 to	 this	















its	 leaves	 and	 excrete	 excess	 salts	 through	 salt	 glands	 (Bradley	&	
Morris,	1991)	and	can	therefore	grow	well	in	environments	exposed	
to	moderate	 salinities	 (<35	ppt),	 although	 lower	 salinities	 result	 in	
increased	biomass	production	(Brown,	Pezeshki,	&	DeLaune,	2006;	
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may	 be	 compromised,	 as	 it	 will	 have	 less	 root	 and	 rhizome	 bio-
mass	available	for	water	uptake.	Likewise,	the	severe	reductions	in	
cordgrass’	remaining	tillers	indicate	that	cordgrass’	ability	to	gener-
ate	 new	 shoots	 was	 already	 compromised	 after	 these	 four	 short,	
but	consecutive	desiccation	events,	potentially	leading	to	more	pro-
nounced	declines	in	biomass	in	subsequent	months	or	years.	Such	a	
desiccation‐induced	gradual	decline	 in	 cordgrass	biomass	was	 fur-
thermore	recently	found	by	a	28‐year	analysis	with	remote	sensing	
techniques	(O'Donnell	&	Schalles,	2016).
Cordgrass’	 facultative	 mutualist	 ribbed	 mussel	 is	 known	 to	
enhance	 the	 persistence	 of	 southeastern	 US	 salt	 marshes,	 and	
also	aid	in	the	natural	and	designed	(transplanted)	recovery	of	de-
graded	marshes	(Angelini	et	al.,	2015,	2016;	Bertness,	Brisson,	&	





but	 reaches	 its	 limits	 as	 climate	perturbations	 progress	with	 cli-
matic	 changes.	 Similar	 cumulative	 processes	 can	 be	 observed	 in	
other	ecosystems	dominated	by	mutualism‐dependent	foundation	
species.	Examples	 are	 for	 instance	 the	mass	bleaching	events	 in	
coral‐zooxanthellae	 mutualisms	 (Hoegh‐Guldberg	 et	al.,	 2007),	
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